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ABSTRACT 

 
The goal of this work was to understand if singlet 

oxygen (1O2) production from an immobilized dye could be 
regulated directly on support media such as titania and 
silica nanoparticles. Two types of pH-responsive, 
nanoparticle-attached sensitizers were prepared and tested 
for 1O2 production as a function of pH. The colloidally 
dispersed titania-attached 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (titania-TCPP) behaved as a 
single-phase colloidal sensitizer at pH 1.0-3.3 with quantum 
yields of 1O2 production (Φ∆) between 0.20 and 0.25, as a 
heterogeneous particle sensitizer at pH 3.5-6.0 with Φ∆ 
between 0.25 and 0.50, and as homogeneous free TCPP 
molecules in alkaline solutions with Φ∆ = 0.53. ΦΔ for 
colloidal silica nanoparticle-attached meso-tetra(N-methyl-
4-pyridyl)porphine (silica-TMPyP) was pH-dependent as 
well, showing the higher ΦΔ in weak acidic solution. The 
changes in Φ∆ were fully consistent with pH dependent 
adsorption of porphyrins on nanoparticle surface. Those 
studies provide insights into the effect of support media on 
the photosensitization ability of porphyrin molecules, and 
the possibility of manipulation between photosensitization 
and recovery based on different type of support media.  
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INTRODUCTION  

 
The use of heterogeneous sensitizers for singlet oxygen 

(1O2) photooxidation in a solution facilitates product 
separation and analysis. The first heterogeneous sensitizer 
was a polymer-attached rose Bengal,1,2 which was followed 
by a series of immobilized dyes on polymers, organic and 
inorganic oxides.3-9 Despite of the enormous advantages in 
terms of separation and purification, challenges pertinent to 
the use of immobilized sensitizers still exist: dye recovery 
is usually achieved at the expense of photosensitization 
ability.2,4 Our recent work showed that the strong 
adsorption of porphyrin molecules on titania surface at low 
pH favored electron transfer reaction and hence resulted in 
an inefficient 1O2 production.10 However, it has not been 
fully understood how the interaction of a dye with its 
support media would affect photosensitization. 

 
RESULTS AND DISCUSSION 

 

The goal of this work was to understand if 1O2 
production from an immobilized dye could be regulated 
directly on support media such as titania and silica. Two 
types of pH-responsive, nanoparticle-attached sensitizers 
were prepared and tested for 1O2 production as a function of 
pH by photochemical techniques such as time-resolved 
laser and steady-state photolysis. Our results show that the 
colloidally dispersed Titania-attached 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (titania-TCPP) behaved as a 
single-phase colloidal sensitizer at pH 1.0-3.3 with quantum 
yields of 1O2 production (Φ∆) between 0.20 and 0.25, as a 
heterogeneous particle sensitizer at pH 3.5-6.0 with Φ∆ 
between 0.25 and 0.50, and as homogeneous free TCPP 
molecules in alkaline solutions with Φ∆ = 0.53.10 ΦΔ for 
colloidal silica nanoparticle-attached meso-tetra(N-methyl-
4-pyridyl)porphine (silica-TMPyP) was pH-dependent as 
well, showing higher ΦΔ in weak acidic solution. The 
changes in Φ∆ were fully consistent with pH dependent 
adsorption of porphyrins on nanoparticle surface.  

 
The recovery of porphyrins was achieved when 

porphyrin molecules were strongly adsorbed onto 
nanoparticle surface. For instance, free TMPyP is soluble in 
a wide pH range of 2-10 in water. Based on the pH-
responsive stability of colloidal silica-TMPyP 
nanoparticles, the recovery of TMPyP was accomplished 
through the formation of silica-TMPyP aggregates in weak 
alkaline solutions by centrifugation. To test this, silica-
TMPyP was precipitated by centrifugation at different pH. 
The supernatant was analyzed by absorption spectroscopy 
to quantify the remaining TMPyP concentrations at 422 nm 
using ε = 2.3×10 5 M-1 cm-1. The recovery yields of TMPyP 
were dramatically increased up to over than 90% when pH 
was above neutral where the electrostatic attraction favored 
the association of positively charged pyridinium groups in 
TMPyP and the negatively charged silica nanoparticles. 
However, at lower pH where the surface charge of silica 
was positive, the adsorption of cationic TMPyP onto the 
silica surface was inhibited. Thus, TMPyP was therefore 
dissolved into water and could not be removed with silica 
particles from the solutions. Figure 2 shows the effects of 
pH on recovery yields of TMPyP, in which the best 
sensitizer recovery yield of 92% for silica-TMPyP at pH 8-
10 and a dramatic decrease to 10% at pH 2, were obtained. 
Similarly, the recovery yields of 99.8% for TCPP and 
98.8% for titania were obtained in acidic conditions for 
titania-TCPP sensitizer.10  
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Figure 1. Effects of pH on recovery yields of 5.0×10-5 

M TMPyP adsorbed onto 2.0 g/L silica nanoparticles. 
 

CONCLUSION  
 

Those studies provide insights into the effect of support 
media on the photosensitization ability of porphyrin 
molecules, and the possibility of manipulation between 
photosensitization and recovery based on different type of 
support media. The use of immobilized sensitizers 
generates no secondary pollution products and minimizes 
environmental and public health impacts associated with 
the use of chemicals. Control of 1O2 production at different 
pH has significance in development of selective sensitizers 
for various applications such as practical use in 
photodynamic therapy. Moreover, photo-initiated excitation 
and deactivation via energy- or electron-transfer processes 
are a broad fundamental class of transformations. The 
Incorporation of organic molecules into nanoparticles has 
been extensively investigated to construct functional hybrid 
materials. As a consequence, the development of novel 
devices that controls photochemical pathways has far 
reaching impact beyond the applications described in this 
proposal. The success of the project will provide a better 
understanding of nanoparticle-dye based surface chemistry, 
and has significance in many areas as long as immobilized 
dye devices are concerned.  

 
 
Acknowledgment. R. Gao thanks NSF-PREM (DMR-

0611539) and NIH-RCMI (2G12RR013459) programs.  
 

REFERENCES 
 
(1) Erich C. Blosey; Douglas C. Neckers; Arthur L. 

Thayer; Schaap, A. P. Polymer-Based Sensitizers 
for Photooxidations. J. Am. Chem. Soc. 1973, 95, 
5820-5822. 

(2) A. Paul Schaap; Arthur L. Thayer; Erich C. 
Blossey; Neckers, D. C. Polymer-Based Sensitizers 
for Photooxidations. II. J. Am. Chem. Soc. 1975, 
97, 3741-3745. 

(3) Axel G. Griesbeck; Anna Bartoschek; Jorg 
Neudorfl; Miara, C. Stereoselectivity in Ene 
Reactions with lo2: Matrix Effects in Polymer 

Supports, P hoto-oxygenation of Organic Salts and 
Asymmetric Synthesis. Photochemistry and 
Photobiology 2006, 82, 1233-1240. 

(4) Joos Wahlen; Dirk E. De Vos; Pierre A. Jacobs; 
Alsters, P. L. Solid Materials as Sources for 
Synthetically Useful Singlet Oxygen. Adv. Synth. 
Catal. 2004, 346, 152-164. 

(5) David Aebisher; Nikolay S. Azar; Matibur 
Zamadar; Naveen Gandra; Harry D. Gafney; 
Ruomei Gao; Greer, A. Singlet Oxygen Chemistry 
in Water. A Porous Vycor Glass—Supported 
Photosensitizer. J. Phys. Chem. B 2008, 112, 1913-
1917. 

(6) A. P. Schaap; A. L. Thayer; K. A. Zaklika; Valenti, 
P. C. J. Am. Chem. Soc. 1979, 101, 4016. 

(7) M. Nowakowska; M. Kepczynski; Szczubialka, K. 
Pure Appl. Chem. 2001, 73, 491. 

(8) S. Tamagaki; C. E. Liesner; Neckers, D. C. J. Org. 
Chem. 1980, 45, 1573. 

(9) A. Guarini; Tundo, P. J. Org. Chem. 1987, 52, 
3501. 

(10) Wenbing Li; Naveen Gandra; Erick Ellis; Shavelle 
Cartney; Gao, R. A pH responsive recoverable 
sensitizer for singlet oxygen production in aqueous 
solution. ACS Appl. Mater. & Interface 2009, 1, 
1778-1784. 

(11) Ruomei Gao; Agnes Safrany; Rabani, J. 
Fundamental reactions in TiO2 nanocrystallite 
aqueous solutions studied by pulse radiolysis. 
Radiation Physics and Chemistry 2002, 65, 599–
609. 

(12) Ruomei Gao; Agnes Safrany; Rabani, J. Reactions 
of TiO2 excess electron in nanocrystallite aqueous 
solutions studied in pulse and gamma-radiolytic 
systems. Radiation Physics and Chemistry 2003, 
67, 25-39. 

(13) Swadeshmukul Santra; Rovelyn Tapec; Nikoleta 
Theodoropoulou; Jon Dobson; Arthur Hebard; Tan, 
W. Synthesis and Characterization of Silica-Coated 
Iron Oxide Nanoparticles in Microemulsion: The 
Effect of Nonionic Surfactants. Langmuir 2001, 17, 
2900-2906. 

(14) Charles Tanielian; Christian Wolff; Esch, M. 
Singlet Oxygen Production in Water: Aggregation 
and Charge-Transfer Effects. J. Phys. Chem. 1996, 
100, 6555-6560. 

(15) Naveen Gandra; Aaron T. Frank; Onica Le Gendre; 
Nahed Sawwan; David Aebisher; Joel F. Liebman; 
K. N. Houk; Greer, A.; Gao, R. Singlet Oxygen 
Generation from the Photolysis of Indigo Dyes in 
Methanol, DMSO, Water, and Ionic Liquid, 1-
Butyl-3-methylimidazolium tetrafluoroborate 
(invited paper). Tetrahedron 2006, 62, 10771-
10776. 

 
 

NSTI-Nanotech 2011, www.nsti.org, ISBN 978-1-4398-7142-3 Vol. 1, 2011 65




